OBJECTIVE: This study was designed to elucidate whether there were differences in the hormonal responses of the parameters involving triacylglycerol (TG) deposition and mobilization in adipose tissue among the stages of the estrous cycle in female rats. MEASUREMENTS: Adipose tissue was obtained from the parametrial region in female rats at each stage of the estrous cycle. Lipoprotein lipase (LPL) activity in the extracts of acetone=ether powders of the tissues was measured as a parameter for TG deposition. Norepinephrine-stimulated lipolysis in isolated fat cells was measured as a parameter for TG mobilization. RESULTS: LPL activity changed periodically during the estrous cycle; the activity level was highest at diestrus, began to decrease at proestrus, reached a minimum at estrus, began to increase again at metestrus-1, and increased further at metestrus-2. At diestrus and proestrus, LPL activity was increased with an increase in plasma insulin levels, suggesting that plasma insulin was the predominant up-regulator of LPL. But at estrus, metestrus-1 and metestrus-2, LPL activity remained low even when plasma insulin levels were high, indicating that it was not up-regulated by plasma insulin. Norepinephrine-stimulated lipolysis in fat cells was high at estrus and metestrus-1 and low at diestrus. CONCLUSION: The hormonal responses of LPL activity and lipolysis in adipose tissue differed depending on the stage of the estrous cycle.
Introduction
Adipose tissue consists of fat cells which store triacylglycerol (TG) as a fuel for the body. Approximately 80 -90% of the wet weight of fat cells consists of TG. The TG content of fat cells depends on the balance between TG deposition and mobilization. Fat cells are metabolically active. The metabolic parameters in fat cells change in response to the nutritional and hormonal status. In the rat, the administration of estradiol has been reported to induce a depletion of the TG stores. 1 -4 Adipose tissue lipoprotein lipase (LPL) hydrolyzes TG in chylomicrons and very-low-density lipoproteins to free fatty acids and monoacylglycerols, which are transported to fat cells. These products are re-esterified and stored as TG in fat cells. Thus, adipose tissue LPL involves TG deposition in fat cells. In vivo administration of estradiol to rats has been known to decrease adipose tissue LPL activity. 1 -4 Several studies 1 -3 have shown that this decreased activity of adipose tissue LPL results in the estradiol-induced depletion of TG.
TG mobilization also seems to be under the control of estradiol. 4 -7 Benoit et al 4 reported that in vivo administration of estradiol to female rats potentiated the lipolytic action of epinephrine in fat cells. They suggested that the potentiation of epinephrine-stimulated lipolysis in fat cells by estradiol was likely to represent a major cause to the estradiol-induced depletion of TG. Ackerman et al 5 reported that catechol estrogens potentiated in vitro the lipolytic action of epinephrine in rat fat cells.
Adipose tissue LPL activity differs in different conditions, for example with the nutritional state 2,3,8 -12 and on induction of diabetes mellitus. 2, 3, 12, 13 Starvation caused a decrease in adipose tissue LPL activity. 2,3,5 -8 The changes in LPL activity that occur during the feeding -fasting -refeeding cycle are governed by the changes in plasma insulin levels that accompany such cycles. 10, 12 The induction of diabetes mellitus in rats by injection of either alloxan or streptozotocin caused a decrease in LPL activity and the administration of insulin to diabetic rats caused an increase in the activity. 2, 3, 12, 13 Thus, plasma insulin was the predominant upregulator of LPL activity. Almost all these studies have been carried out in male rats, because the activity level was almost constant in male rats, whereas it fluctuated widely in female rats.
Female rats have an estrous cycle which recurs regularly in 4 -5 day cycles. The cycle is divided into five stages and the length of each stage of the cycle is as follows; approximately 57 h for diestrus, approximately 12 h for proestrus, approximately 12 h for estrus, approximately 15 h for metestrus-1, and approximately 6 h for metestrus-2.
14 The cycle is accompanied by the changes in plasma estradiol levels. 15, 16 There are very few detailed studies on the changes in the metabolic parameters involving TG deposition and mobilization in adipose tissue that accompany the estrous cycle.
We describe here that periodic changes in adipose tissue LPL activity occurred during the estrous cycle. During our experiment, it became apparent that the response of adipose tissue LPL activity to plasma insulin differed depending on the stage of the estrous cycle. We also describe that there were differences in the rates of norepinephrine-stimulated lipolysis in isolated fat cells among the estrous cycle stages.
Materials and methods

Animal procedures
Female Wistar -King strain rats (8 weeks old) were purchased from Clea Japan Inc. (Tokyo, Japan). They were allowed free access to a standard laboratory chow and tap water. The lights were turned on at 7 am and off at 7 pm. One month later, rats were divided into three groups. The first group, termed the fed (am) rats, was allowed free access to food and the rats were killed between 10 and 11 am under nembutal anesthesia. The second group, termed the fed (pm) rats, was allowed free access to food and the rats were killed between 2 and 3 pm. The third group, termed the fasted rats, was starved for 20 h. Food was removed from a cage at 6 pm and the rats were killed between 2 and 3 pm on the following day.
The stage of the estrous cycle was determined by examining a vaginal smear taken 1 h before the animal was killed.
The estrous cycle was divided into five stages (diestrus, proestrus, estrus, metestrus-1 and metestrus-2) according to the method of Long and Evans. 14 In another series of experiments, the rats were ovariectomized via a single midventral incision under nembutal anesthesia. One month after surgery, ovariectomized (OVX) rats were divided into three groups. OVX rats killed between 10 and 11 am were termed the OVX=fed (am) rats, and those killed between 2 and 3 pm, the OVX=fed (pm) rats. OVX rats starved for 20 h were termed the OVX=fasted rats. Shamoperated rats were used as controls.
All animal experiments were approved by the local animal ethics committee at the School of Medicine, Ehime University.
Assay of LPL activity in adipose tissue
Adipose tissue was obtained from the parametrial region. A sample (500 mg) of the tissue was homogenized with a Teflon-glass homogenizer in 1 ml of solution A (50 mM NH 4 Cl and 20 mg=ml heparin, pH 8.2) at 10 C. The homogenate was sonicated briefly at 10 C and then used to prepare an acetone=ether powder as described previously. 17 LPL activity was measured in an aqueous extract of the powder. The extract was made by adding the powder to ice-cold solution A, letting the mixture stand at 0 C for 1 h, sonicating briefly at 0 C, centrifuging for 10 min at 1200 g and 4 C, and decanting the supernatant for assay. A stock emulsion containing 5 mCi of tri[9, 10(n)- 3 H]-oleoylglycerol, 1.13 mmol of trioleoylglycerol, 60 mg of phosphatidylcholine, and 9 ml of glycerol was prepared. 17 A mixture of 1 vol. of the stock emulsion, 19 vols of 3% (w=v) bovine serum albumin in 0.2 M Tris=HCl buffer (pH 8.2), and 5 vols of heat inactivated (56 C, 10 min) serum obtained from the 48 h starved rats, was incubated at 37 C for 15 -30 min. For assay, 100 ml of this activated substrate mixture was added to 100 ml of the diluted extract of the powder, and the mixture was incubated for 1 h at 37 C. One milliunit of lipolytic activity was defined as that releasing 1 nmol of fatty acid=min at 37 C. The protein concentration in the extract of acetone=ether powder of the tissue was measured and LPL activity was expressed as milliunits=mg protein.
Measurement of norepinephrine-stimulated lipolysis in isolated fat cells
Fat cells were isolated from parametrial adipose tissue by the method of Rodbell.
18 Isolated fat cells were suspended in Hank's buffer (pH 7.4) and centrifuged for 30 s at 40 g. The fat cell fraction was used as packed fat cells. The packed fat cells (50 ml) were incubated for 1 h at 37 C in 225 ml of Hank's buffer supplemented with 2.5% bovine serum albumin in the presence or absence of 25 ml of norepinephrine solution (final concentration 0.1 mg=ml) in Hank's buffer. The reaction was terminated by adding 3 ml of a 1:1 (v=v) mixture of chloroform and heptane containing 2% (v=v) methanol. Free LPL activity and lipolysis during the estrous cycle M Yamaguchi et al fatty acids released were determined as described previously. 19 Briefly, the mixture was shaken horizontally for 10 min in a shaker and centrifuged for 10 min at 2000 g. The upper aqueous phase was removed by suction, and 1 ml of copper reagent was added to the lower organic phase. The copper reagent was prepared by the method of Zapf et al.
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The mixture was shaken again for 10 min and centrifuged for 10 min at 2000 g. A 0.5 ml sample of the upper organic phase, which contained the copper salts of the extracted fatty acids, was treated with 0.05% (w=v) bathocuproin in chloroform containing 0.05% (w=v) 3-tert-butyl-4-hydroxyanisole. Colorimetric determination was performed at 480 nm. Lipolysis was expressed as microequivalents (mEq) of free fatty acids released per ml of packed fat cells per 1 h.
Other procedures
Plasma insulin was measured using a Glanzyme insulin-EIA test kit (Wako Pure Chemicals Co., Osaka, Japan). Plasma estradiol levels were measured at Otsuka Assay Laboratory, Otsuka Pharmaceutical Co., Tokushima, Japan. The protein concentration in the extract of acetone=ether powder of the tissue was measured using a Bio Rad Protein Assay (Bio Rad, Richmond, CA, USA).
Statistical analyses
Statistical analysis of group means was conducted by ANOVA followed by post hoc comparisons using Fisher's protected least significant difference test (Figures 1 and 2 ). Pearson r was used to calculate correlations between LPL activity and plasma hormone levels ( Figures 3 and 4) . Statistical analysis was conducted using Student's t-test for unpaired samples (Tables 1 and 2 ). For all statistical analyses, the criterion for significance was P < 0.05. All values were expressed as means AE s.e.
Results
Changes in plasma hormone levels and uterine weight during the estrous cycle Plasma estradiol and insulin levels and uterine weight were measured at each stage of the estrous cycle, which was divided by examining a vaginal smear. The level of plasma estradiol peaked at proestrus, and then decreased (Figure 1a) . The level reached a minimum at metestrus-1, and then began to increase gradually. The increase in plasma estradiol caused a concomitant increase in uterine weight (Figure 1b) . Uterine weight peaked at proestrus due to distention of the uterus with fluid. It then began to decrease gradually. Plasma insulin levels did not change significantly during the cycle (Figure 1c) .
Effect of nutritional status on LPL activity at each stage of the estrous cycle
To examine the effect of nutritional status on adipose tissue LPL activity, three groups of female rats were used. The first group, the fed (am) rats, was killed approximately 3 h after a normal night of feeding. The stomachs of these rats contained food. The second group, the fed (pm) rats, was sacrificed approximately 7 h after a normal night of feeding, but their stomachs were almost free of food. The third group, the fasted rats, was sacrificed 20 h after the withdrawal of food, and their stomachs were empty. Figure 1 Changes in plasma estradiol and insulin levels and uterine weight during the estrous cycle. Plasma estradiol levels (a), uterine weight (b) and insulin levels (c) were measured in fed (am) rats at each stage of the estrous cycle. Values given are means AE s.e. The numbers in the solid bars show the number of rats. *P < 0.01, **P < 0.05 (compared with the value of fed (am) rats at metestrus-1).
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The LPL activity in parametrial adipose tissue obtained from fed (am) rats at each stage of the estrous cycle was measured. The level of LPL activity was highest at diestrus, began to decrease at proestrus, and reached a minimum at estrus (Figure 2a) . It began to increase again at metestrus-1, and increased further at metestrus-2. Thus, periodic changes in LPL activity occurred throughout the estrous cycle.
Since there was the periodicity of the changes in LPL activity during the estrous cycle, the effect of fasting on LPL activity was examined individually at each stage of the cycle. The levels of LPL activity at diestrus and proestrus in fed (pm) rats were 66 and 55%, respectively, of those at the corresponding stages in fed (am) rats (Figure 2a and b) . At these two stages, the 20 h fasting caused a further decrease in the activity levels (Figure 2c) . However, at estrus, metestrus-1 and metestrus 2, there were no significant differences in the activity levels between fed (am) and fed (pm) rats (Figure 2a  and b ) and even the 20 h fasting did not significantly decrease the activity levels (Figure 2c) .
The periodicity of the changes in LPL activity during the estrous cycle persisted in fed (pm) rats but disappeared in fasted rats (Figure 2b and c) .
Correlation between LPL activity and plasma insulin levels at each stage of the estrous cycle Whether LPL activity in adipose tissue of female rats was regulated by plasma insulin was determined. When the correlation between LPL activity and plasma insulin levels was examined at all stages of the estrous cycle, LPL activity showed a weak positive correlation with plasma insulin levels ( Figure 4a ). However, when the correlation between these two parameters was examined individually at each stage of the cycle, differences were found. LPL activity at diestrus and proestrus increased with an increase in plasma insulin levels (Figure 4b and c) . LPL activity at diestrus showed a stronger positive correlation with plasma insulin levels than that at proestrus. However, at estrus, metestrus-1 and metestrus-2, LPL activity did not show any significant correlations with plasma insulin levels ( Figure 4d, e and 4f) .
Effect of plasma estradiol on periodic changes in LPL activity
To clarify whether periodic changes in LPL activity observed in fed (am) rats resulted from the changes in plasma estradiol levels that accompany the estrous cycle, correlations between LPL activity and plasma estradiol levels were examined in fed (am) and OVX=fed (am) rats. In fed (am) rats, LPL activity was decreased with an increase in plasma estradiol levels (Figure 3a) , suggesting that plasma estradiol was the predominant down-regulator of the activity. Similarly, a negative correlation between LPL activity and uterine weight was observed (r ¼ 70.44 (n ¼ 124), P < 0.01).
Ovariectomy caused a marked decrease in plasma estradiol levels and an increase in LPL activity (Table 1) . It also caused atrophy of the uterus (110 AE 3 mg (n ¼ 71)). The distension of the uterus with fluid was no longer observed in OVX=fed (am) rats. The LPL activity in OVX=fed (am) rats did not show any significant correlations with plasma estradiol levels (Figure 3b) . No correlation between LPL activity and uterine weight also was observed in OVX=fed (am) rats (r ¼ 0.05 (n ¼ 46)). 
LPL activity and lipolysis during the estrous cycle M Yamaguchi et al
Norepinephrine-stimulated lipolysis in fat cells
To examine the effect of plasma estradiol levels on lipolysis, fat cells obtained from adipose tissue of fed (am) rats at three stages of the estrous cycle were incubated in the absence or presence of norepinephrine. Basal lipolysis (lipolysis in the absence of lipolytic stimulants) was very low and there were no differences in basal lipolysis among the stages of the estrous cycle (data not shown). The presence of norepinephrine elicited a marked lipolysis. Norepinephrine-stimulated lipolysis, which was calculated by subtracting the amounts of free fatty acids released when fat cells were incubated in the absence of norepinephrine from those released when incubated in its presence, was high at estrus and metestrus-1 and low at diestrus (Table 2) .
There were no differences in basal lipolysis between fed (am) and OVX=fed (am) rats (data not shown). Norepinephrine-stimulated lipolysis in fat cells of OVX=fed (am) rats was 37% of that of fed (am) rats at estrus, 45% at metestrus-1 and 75% at diestrus (Table 2) . Thus, ovariectomy caused a decrease in the lipolytic responsiveness to norepinephrine in fat cells.
Discussion
Although adipose tissue may give the impression of being inert, it is metabolically active. It responds quickly to metabolic and hormonal stimuli. 1 -13 The present study showed that the nutritional and hormonal responses of the parameters involving TG deposition and mobilization in adipose tissue differed depending on the stage of the estrous cycle in female rats.
In the first set of experiments, we measured LPL activity in parametrial adipose tissue as a parameter involving TG deposition. In fed (am) rats, the level of LPL activity changed 
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M Yamaguchi et al periodically during the estrous cycle; the activity level was lowest at estrus, increased at metestrus-1 and metestrus-2, reached a maximum at diestrus, and decreased again at proestrus. The activity level at diestrus was 4-fold higher than that at estrus. Similar periodic changes in the activity level were observed in adipose tissue obtained from the perirenal region (data not shown). Since a negative correlation between LPL activity and plasma estradiol levels was observed in fed (am) rats but disappeared in OVX=fed (am) rats, this suggests that periodic changes in LPL activity observed in fed (am) rats were as a result of the changes in plasma estradiol levels that accompany the cycle. This estrous cycle-dependent periodicity of the changes in LPL activity resulted in wide fluctuations in the activity in female rats. Therefore, to evaluate the nutritional and hormonal regulations of LPL activity in adipose tissue of female rats, the activity should be measured individually at each stage of the estrous cycle.
In male rats, adipose tissue LPL activity is known to be down-regulated during fasting. 2,3,8 -11 However, in female rats, the down-regulation of LPL activity during fasting differed depending on the stage of the estrous cycle. LPL activity at diestrus and proestrus decreased in response to the period of fasting, whereas at estrus, metestrus-1 and metestrus-2, it did not respond to the fasting period. This finding suggests that in female rats at the latter three stages, the ability to down-regulate LPL activity during fasting was lost. Disturbances in the nutritional regulation of adipose tissue LPL activity have been observed in certain physiological and pathophysiological conditions like ageing, 11 obesity 21 and insulin resistance. 22 Bergö et al 11 reported that the downregulation of LPL activity during fasting disappeared in old rats. They suggest that loss of the ability to down-regulate the activity during fasting may result from a metabolic derangement, because old rats had elevated plasma glucose levels. However, this interpretation is questionable in our present study, because plasma glucose levels of fed (am) rats did not change significantly during the estrous cycle (data not shown). Another possible explanation is that fasting was not able to make LPL activity go further down because of low activity level at estrus, metestrus-1 and metestrus-2.
We observed differences in the response of LPL activity to plasma insulin among the stages of the estrous cycle in female rats. At diestrus and proestrus, LPL activity correlated positively with plasma insulin levels, suggesting that plasma insulin was the predominant up-regulator of LPL activity. However, at estrus, metestrus-1 and metestrus-2, LPL activity remained low even when plasma insulin levels were high. This finding indicates that the ability of insulin to upregulate the activity was lost at these three stages. Whether Values given are means AE s.e. The numbers in the parentheses are the number of rats. *P < 0.01 (compared with the value of fed (am) rats at diestrus). 24 also reported that fat cells isolated from male rats treated for 5 days with estradiol were insulin resistant. Taylor et al 22 reported that a feature in the development of insulin resistance in adult diabetics was a failure of maintenance of adipose tissue enzyme activities involved in lipid metabolism.
Plasma estradiol level was highest at proestrus but LPL activity was lowest at estrus. Also the estradiol level was lowest at metestrus-1, but the activity was highest at diestrus. Thus, there was a latency of the onset and removal of the suppression of LPL activity by plasma estradiol. Wilson et al 25 reported that the administration of estradiol to male rats suppressed adipose tissue LPL activity, but not until 12 h after its administration. Ramirez 26 reported that when estradiol was administered for 12 days to OVX rats, a near maximal suppression in adipose tissue LPL activity was observed within 24 h after its administration. Thus, estradiol seems to take at least 12 h to suppress adipose tissue LPL activity. Pedersen et al 27 reported that, when estradiol was administered to OVX rats, it took at least 6 h to bind to the nuclear estrogen receptor in fat cells.
LPL plays an important role in the hydrolysis of circulating TG to free fatty acids and monoacylglycerols. Postprandially, LPL activity is elevated in adipose tissue, resulting in an increase in the uptake of free fatty acids into lipid depots in fat cells. 2 In obesity, overexpression of adipose tissue LPL is reported to contribute to increased TG deposition. 2 Thus, LPL is responsible for free fatty acid uptake and TG deposition in fat cells. Since adipose tissue LPL activity was low at estrus, metestrus-1 and metestrus-2 and high at diestrus and proestrus, this suggests that the extent to which TG-derived fatty acids are taken up by adipose tissue may be lower at the former three stages than at the latter two stages.
In the second set of experiments, norepinephrine-stimulated lipolysis in parametrial fat cells was measured as a parameter involving TG mobilization. The lipolytic responsiveness to norepinephrine in fat cells differed depending on the stage of the estrous cycle; it was high at estrus and metestrus-1 and low at diestrus. A similar result was obtained in perirenal fat cells (at estrus, 5.67 AE 0.38 mEq=ml packed fat cells=h (n ¼ 3); at diestrus, 3.81 AE 0.16 mEq=ml packed fat cells=h (n ¼ 5), P < 0.01). These results suggest that the extent to which TG accumulated in fat cells is mobilized may be higher at estrus and metestrus-1 than at diestrus.
The present study showed that ovariectomy caused a decrease in the lipolytic responsiveness to norepinephrine in fat cells. This agrees with the finding of Lacasa et al 7 that
parametrial fat cells elicited impaired isoproterenol-stimulated lipolytic response after ovariectomy. Rebuffe-Scrive 6 reported that the administration of estradiol to ovariectomized and adrenalectomized rats increased norepinephrinestimulated lipolysis in the fat depot. Ackerman et al 5 reported the in vitro potentiation of epinephrine-stimulated lipolysis by catechol estrogens. Taken together, these findings suggest that differences in norepinephrine-stimulated lipolysis in fat cells among the stages of the estrous cycle may be due to different levels of plasma estradiol that accompany the cycle.
In conclusion, in female rats, the hormonal responses of metabolic parameters involving TG deposition and mobilization differed depending on the stage of the estrous cycle.
